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ABSTRACT: Nonreciprocal thermal emitters that break the
conventional Kirchhoff's law allow independent control of
emissivity and absorptivity and promise exciting new functionalities
in controlling heat flow for thermal and energy applications. In
enabling some of these applications, nonreciprocal thermal emitters
will unavoidably need to serve as hot emitters. Leveraging
magneto-optical effects, degenerate semiconductors have been
demonstrated as a promising optical material platform for 200 400 500 600 700
nonreciprocal thermal radiation. However, existing modeling and Temperature (K)
experimental efforts are limited to near room temperature (<373

K), and it remains unclear whether nonreciprocal properties can persist at high temperatures. In this work, we demonstrate strong
nonreciprocal radiative properties at temperatures up to 600 K. We propose a theoretical model by considering the temperature
dependence of the key parameters for the nonreciprocal behavior and experimentally investigate the temperature dependence of the
nonreciprocal properties of sufficiently doped InAs, a degenerate semiconductor, using a customized angle-resolved high-
temperature magnetic emissometry setup. Our theoretical model and experimental results show agreement, revealing that strong
nonreciprocity can persist at temperatures over 800 K for high-temperature stable semiconductors, enabling a pathway for
nonreciprocal radiative heat flow control at high temperatures.

Wavelength (um)
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B INTRODUCTION nonreciprocal absorption across a broadband long-wave
infrared range (20—35 ym) using 14 InAs layers with gradient
doping concentrations corresponding to cascaded epsilon-
near-zero (ENZ) frequencies. A similar effect can be observed
in other semiconductor and magnetic Weyl semimetal systems,
as discussed in refs 17 and 18. Recently, Do et al.” used
Bayesian optimization and designed a multilayer InAs and
magnetic Weyl semimetal hybrid structure with only a few
layers that can achieve strong nonreciprocal emission from 5 to
40 pm, highlighting the great potential for semiconductors in

Recent decades have witnessed remarkable advances in thermal
radiation control through engineered nanophotonic struc-
tures.”” Beyond controlling thermal radiation with subwave-
length structuring, integration of nonreciprocal materials into
photonically engineered thermal emitters has emerged as a new
route to unequal emissivity and absorptivity properties, due to
the breaking of Lorentz reciprocity.””~ Through magneto-optic
effects,”™ nonlinear responses,” or dynamic time modula-
tion,”® nonreciprocal systems enable independent control of

o o s L achieving nonreciprocal thermal emission.
emissivity and absorptivity. The ability to control radiative . o . . -
: : . - In enabling functionalities associated with radiative heat flow
properties promises novel functionalities for heat flow

5,9 . 10-13 control, nonreciprocal thermal emitters that can sustain high
control”” and energy harvesting.

. . ; temperatures are critical.'! Tt is expected that semiconductor
Using magneto-optical materials among other approaches to . . . .
. . . . . properties, such as free carrier concentration, exhibit a strong
achieve nonreciprocity has been explored in photonics for

14 . . . temperature dependence.'””" While significant progress has
many years.  These materials are typically semiconductors

i . been made in experiments, most studies have focused on near-
that support nonreciprocal response induced by the cyclotron
motion of free electrons."” Since early theoretical studies, =
advances have been made in achieving nonreciprocal thermal Received:  February 14, 2025 fpttnics

radiative properties leveraging the nonreciprocal responses in Revised:  April 21, 2025

these materials.””'® For example, Shayegan et al.'”'® Acce_Pted‘ APr%l 23, 2025
experimentally demonstrated the inequality between emissivity Published: April 30, 2025
and absorptivity of n-doped indium arsenide (InAs) planar and

grating structures. Liu et al.'” achieved highly asymmetric
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Figure 1. (a) Schematic of radiative heat transfer paths for a thermal emitter with specular reflection. Solid and dashed arrows show the energy flow
balance for beams incident from the +6 or —6 directions, respectively. (b) Illustration of the InAs structure considered in this work.

room temperatures, with experimental conditions rarely
exceeding 423 K,'” below which the intrinsic carrier
concentration is ne§1i§ible compared to extrinsic carriers in
degenerate samples.”*” As temperatures go well above room
temperature, the change in carrier concentration,”’ effective
electron mass,”"*” high-frequency permittivity,”” and electron
mobility’* becomes non-negligible. However, it is not clear
how these material property changes could impact the
nonreciprocal properties.

In this work, we investigate the high-temperature non-
reciprocal thermal radiative properties from semiconductors.
We propose a model for the dielectric functions of the
semiconductors by considering the temperature dependence of
material parameters relevant to nonreciprocity. As a
verification of the model, we measure the temperature-
dependent, nonreciprocal radiative properties of two InAs
samples with different doping using an in-house developed,
angle-resolved, high-temperature magnetic emissometry setup.
We show that, despite a decrease in nonreciprocal contrast
between emissivity and absorptivity, a strong nonreciprocal
effect persists even at temperatures over 600 K.

B THEORETICAL MODEL

The nonreciprocal thermal radiative properties are charac-
terized by the imbalance between the directional spectral
emissivity (¢) and absorptivity (a) as illustrated in Figure la.
These properties can be computed from scattering properties
such as reflectivity (r). Here, we consider opaque planar
nonreciprocal thermal emitters, as depicted in Figure 1b. These
emitters possess a specular reflection, and the emissivity and
absorptivity can be obtained as*>*°

6‘(9, /1) =1- r(—@, /1) (1)

)

where r can be computed by solving Maxwell’s equations at the
interface. In this study, we use an in-house developed
nonreciprocal rigorous coupled-wave analysis algorithm.””
The level of nonreciprocity in radiative properties can be
evaluated using the contrast between absorptivity and
emissivity, expressed as

n(0, 1) = a0, 2) — &(6, )|

a(=0,2) =110, 2)

©)

The nonreciprocal radiative properties result from the
nonreciprocal dielectric tensor by the magneto-optical
behavior of semiconductors in a magnetic field. In general,
when the magnetic field (B-field) is applied along the z
direction, the temperature-dependent dielectric tensor can be
described with a Drude model as™***’
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£y €y 0
e= &, &, 0
0 0 &, (4)
o (T)(w + iy(T))
£, =&, = -
o wl(w + ir(T))* = &2(T)] (s)
0 (T)w.(T)
e . =—€. =1 b
” O wl(w + (1)) — @X(T)] 6)
. w, (T)
= o(w + iy(T)) (7)

where &, is high-frequency relative permittivity, y is electron
scattering rate, @ is angular frequency, @, is cyclotron
frequency defined as @, = eB/m*, where e is the elementary
charge, B is magnetic field density, T is temperature, and m* is

428,29 _ [ 2w .
w, = \/ne’/m’g, is plasma

frequency where n is free carrier concentration and g, is
vacuum permittivity.”**** Most of the parameters, as indicated
in the above egluations, are prone to change with varying
temperature, T.”/ The key to modeling the nonreciprocal
properties, therefore, relies on capturing the temperature
dependence of these parameters. Here, we use n-doped InAs as
shown in Figure 1b as an example to illustrate our model. With
the dielectric tensor discussed above, such a system supports
nonreciprocal responses for the transverse magnetic (TM)
polarization (with the magnetic field along the z-direction).
Other semiconductors can be modeled using a similar
procedure using different parameters or equations for the
material,”’ > and we detail the process in the Supporting
Information.

The plasma frequency, which approximately determines the
frequency of large nonreciprocal behavior, depends on both
the free carrier concentration and the electron effective mass.
The temperature dependence of the free carrier concentration
is mainly caused by changes in band gap and effective density

effective electron mass.

of states of both the conduction and valence bands:*"*
T2
Eg = Eg — -
T+ b (8)
N, = 1.68 x 10°1"? ©)
N, = 127 x 10°T"* (10)
n, = \/N_CNve—Eg/ZkT o
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Figure 2. Real and imaginary parts of (a) ¢,, and (b) €4 as a function of wavelength 4 for n-doped InAs with doping level of 1.4 X 10" cm™

different temperatures.
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where E, is the band gap, Ey, 4, and b are 0.415 eV, 2.76 X
107* eV/K, and 83 K, respectively.”>** N, and N, are effective
densities of states in the conduction and valence bands,
respectively, k is the Boltzmann constant, »; is the intrinsic
carrier concentration, Ny, is doping level, and T is the absolute
temperature. Equations 9 and 10 capture the main effect of a
changing temperature on N, and N,,*>° with the higher-order
effect of changing effective mass neglected. Furthermore, we
note that the temperature effect on carrier concentration is
very mild for temperatures below 500 K for n-doped samples
with a doping level lower than 10'® cm™.”" In this region,
which is called the extrinsic region, the majority of free carriers
come from dopants and the thermally excited carriers are
negligible.”' The change in free carrier concentration impacts
the dielectric function negligibly in this regime, which might
seem counterintuitive.

The temperature threshold up to which the impact on the
carrier concentration of the semiconductor can be neglected
depends largely on the band gap and the doping level.”" For
larger band gap semiconductors, for example, gallium arsenide
(GaAs), the carrier concentration does not change significantly
up to 600 K for doping levels of 10'® cm™, as shown in the
Supporting Information.

The effective electron mass is influenced by temperature
through its dependence on the band gap:***’

%

M 00310 — 0.0218E, + 0.1E? — 0.046E.
m, (13)

where m, is the free electron mass. Decreasing band gap with
increasing temperature reduces the effective mass at higher
temperatures, thereby increasing the cyclotron frequency for a
given magnetic field. Therefore, the change in effective mass
contributes a stronger nonreciprocal effect at higher temper-
ature.

Additionally, the scattering rate varies with temperature. We
determine the temperature effect on the electron scattering
rate usin§ a widely used empirical model for low-field

mobility:”

380 \¥1
ﬂmax(?) - 'umin
'MLF(n’ T) = Ko + I
1+ |—
(a0 (14)
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where 1, is reference doping concentration 1.1 X 10'%cm™,

Hmax is mobility at 300 K, and p;, is the minimum mobility.
The respective mobility values are 34,000 and 1000 cm®/V-s
for n-doped InAs.** The experimentally determined y,, y,, and
¢** are 1.57, 3, and 0.32, respectively. The electron scattering
rate can be derived from the electron mobility as follows:*

(15)

where ¢ is the elementary charge. As shown in the Supporting
Information, an increase in temperature causes an increase in
electron scattering.

Besides the parameters describing free electrons in a
semiconductor, previous research indicate that the high-
frequency relative permittivity €., also varies with temper-
ature.”® The importance of this dependence has been noted in
ref 15, and it directly impacts the spectral location of the ENZ
region at different temperatures. Based on the tabulated data
from ref 21, we derive a linear model using least-squares
regression to capture this dependence:

e, =0T+o (16)

Here, § and ¢ are 0.0018 K™' and 13.54, respectively. The
positive high-frequency permittivity competes with the
negative Drude term, which determines the spectral location
of the ENZ region. As temperature increases, the high-
frequency permittivity increases, causing a redshift of the ENZ
region.

The overall temperature dependence arises from the
collective contributions of all the above-mentioned parameters.
Among these, the scattering rate and high frequency
permittivity cause significant changes in permittivity as the
temperature varies, which is confirmed by calculating the
permittivity of the material at high temperatures while keeping
all other parameters constant. In the Supporting Information,
we present the temperature dependence of all parameters for
two representative magneto-optical materials: InAs and GaAs
and their stoichiometric combination, In,s;Gay4,As. Figure 2
illustrates the temperature dependence of the diagonal and off-
diagonal dielectric function for InAs based on our model. It is
interesting to note that the imaginary part of the off-diagonal
component &, increases with rising temperature. However, it
does not necessarily imply an increased nonreciprocal effect
since the diagonal term of permittivity €, and the scattering of
the material also increase. In fact, as shown in the following,
the nonreciprocal effect generally decreases as temperature
increases. The shift of the real part of €,, causes a notable
redshift of the ENZ region.
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Figure 3. Schematic of the emissometry setup. (a) A ceramic heater ensures uniform heating. A copper rod guides the heat to the sample, which is
attached to the end of the rod. An array of magnets surrounds the sample, providing the external magnetic field. The emission is detected by the
FTIR to measure the emissivity of the samples. (b) The beam path of the emissometry setup. (c) Schematic of the emissometry setup showing the

arrangement of all parts.
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Figure 4. Schematic of the magnet assembly. (a) N and S represent the north and south poles of the permanent magnets. Eight neodymium
magnets are arranged surrounding the supermendur, providing a magnetic field as high as 1 T. Magnets and supermendur are mounted on a copper
stand. (b) Picture of the copper stand of the magnetic assembly and stainless-steel fixture. (c) Picture of the sample in the magnetic field. Thick
copper foil with a round hole for the fin structure is used to block radiation coming from the sample stage.

B EXPERIMENTAL MEASUREMENT SETUP

We conduct an experimental demonstration of the radiative
properties of single crystal n-doped InAs samples as a
verification of our model. We develop a high-temperature
angle-resolved magnetic emissometry setup for this purpose, as
shown in Figure 3. Samples are mounted on a sample stage,
which is a PID-controlled ceramic heater (Instec Inc. model
number HS1200G). The sample stage is placed on a freely
rotatable plate, allowing for changes in the emission direction.
The emitted radiation from the sample is directed through a
plane gold mirror and two parabolic gold mirrors to a Fourier
Transform Infrared (FTIR) spectroscopy system, where a zinc
selenide (ZnSe) polarizer can be added to the beam path. The
plane mirror can be reconfigured to guide the emission from a
blackbody source, enabling spectral measurements of the
reference blackbody at the same temperature as the sample.
The spectral directional emissivity of the sample can then be
measured as”®

IS(/l, 0, B, TS)
IR(/L T;) -

- IBG(/L 9: ’12)
IBG(’L 0) T;)

5(/1; 0, B, Ts) = SR(/D
(17)

where B is magnetic field density, and Ty is temperature of the
sample. I, I, and I refer to measured spectral intensity from
the sample, the reference blackbody, and the background,
respectively. The emissivity of the reference material, €y, is the
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emissivity of a blackbody and equal to one for all wavelengths
in our measurements. A thick copper foil is used to cover the
sample stage to block the radiation from the other parts of the
sample stage, reducing the background emission as much as
possible. To quantify the remaining spectral intensity of the
background, a thin aluminum foil of the same area as the
sample is attached at the tip of the rod to replace the sample,
and the intensity is recorded at the same temperature as the
InAs samples. From eqgs 1 and 2, one can see that (6, 1) =
a(—0, 1). Therefore, the absorptivity at —@ can be obtained
from the emissivity at angle 6, providing an approach to obtain
the absorptivity directly from the emission measurement. We
use this approach in our experiment to obtain the absorptivity,
emissivity, and the nonreciprocal contrast of InAs.

To induce the nonreciprocal response, a magnetic field is
required. Here, the external magnetic field is applied to the
sample via a magnetic assembly placed on the rotary stage. The
de51§n of the magnetic setup is shown in Figure 4. Inspired
by,”” we place four pairs of neodymium (NdFeB) magnets to
enhance the magnetic field strength between two supermendur
rods. In doing so, a B-field up to 1 T can be achieved in the 1
cm gap between the two supermendur rods, where the sample
can be placed.

We note that the fin structure introduced in the sample stage
is a key difference as compared to the temperature-controlled
sample stage in traditional emissometry systems.”’ Here, we

https://doi.org/10.1021/acsphotonics.5c00365
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Figure 5. Radiative properties for p-polarized waves as a function of wavelength A for n-doped InAs samples with different doping levels at 598 K.
(a) Experimental and theoretical results for the InAs sample with Np,, = 3.24 X 10" cm™. (b) Experimental and theoretical absorptivity results for

the InAs sample with Np, = 1.4 X 10" cm™.
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Figure 6. Absorptivity and emissivity measurements and calculations at different temperatures at 6 = 30°. These results are shifted by 0.5. (a) The
sample with Np; = 3.24 X 10'® cm™. (b) The sample with Np, = 1.4 X 10'® cm™. Arrows are added to better visualize the contrast change at the
same wavelength. Dashed lines show the redshift for higher temperatures.

use a fin structure with one end of the fin in contact with the
ceramic heater to guide the heat flow to the sample that is
placed on the other end of the fin. In doing so, we can elevate
the sample from the heating stage, allowing enough space for
the magnetic assembly, as indicated in Figure 3c. A K-series
thermocouple is positioned at the tip of the rod near the
sample to monitor the temperature of the sample. Despite the
heat loss induced by the introduction of the fin structure, we
are still able to achieve sample temperatures of up to about
1000 K.

B RESULTS AND DISCUSSION

Figure 5a and b show the measured emissivity and absorptivity
spectra for TM polarizations at T = 598 K, 6 = 30°, and B =1
T for two InAs samples with different doping levels of Ny, =
324 X 10" cm™ (sample 1) and Np, = 1.4 X 10'® cm™
(sample 2), respectively. Both samples are 525 ym thick and
can be considered as opaque in the mid-infrared wavelength
range. The theoretical results based on the developed model
are also overlaid, agreeing well with the experiment. For sample
2, the spectra exhibit a prominent peak around 20 um,
corresponding to the leaky Brewster mode*"** in the ENZ
region. The Brewster mode shifts to shorter wavelengths
(about 13 um) for sample 1 due to the increase of the plasma
frequency, as shown in Figure Sa.

The emissivity and absorptivity spectra show a significant
difference, particularly near the region where the Brewster
modes are excited. The difference clearly demonstrates the
strong nonreciprocal response, which breaks the conventional
Kirchhoff’s law of thermal radiation at approximately 600 K.

2771

We note that the enhancement of nonreciprocity by Brewster
modes is even stronger at larger angles as shown in Figure S2
in the Supporting Information. We focus on investigating 6 =
30° to achieve a better signal-to-noise ratio in the experiment.
The nonreciprocal contrast can be greater at larger angles.*’ As
control experiments, we also conduct the same measurement
for the TM polarization with B = 0 T and the TE polarization
(electric field along the z direction). In both cases, we observe
overlapping emissivity and absorptivity spectra with no
contrast, obeying the conventional Kirchhoff’s law of thermal
radiation.***

As we change the temperature, the nonreciprocal properties
exhibit prominent change, as shown in Figure 6. Both samples
are tested at three other different temperatures. As in Figure S,
the nonreciprocal behavior occurs in all cases. As temperature
increases, the peak caused by the Brewster mode shifts slightly
to longer wavelengths, which is more clearly observed from the
absorptivity spectra for both samples. Since the plasma
frequency tends to increase as a function of temperature as
shown in Supporting Information, the shift of the Brewster
mode is mainly caused by the increase of the g, as
temperature increases, which results in the ENZ region
occurring at slightly longer wavelengths.

Besides the shift of the Brewster modes, higher temperatures
also bring a strong effect on the nonreciprocal contrast. In
Figure 6, we mark the maximum contrast between ¢ and a with
arrows. We first determine the maximum contrast near the
Brewster mode and its corresponding wavelength based on the
computed spectrum at T = 598 K. Then we mark the contrast
at the same wavelength for all temperatures with double-
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headed arrows, clearly showcasing the decrease of the contrast
at a fixed wavelength when temperature increases. Further-
more, dashed lines illustrate changes in the wavelength
corresponding to the peak location of the Brewster modes
for the absorptivity spectra. As another approach to illustrate
the temperature effect on the contrast, Figure 7 shows the
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Figure 7. Maximum contrast between emissivity and absorptivity
(Mmax) for n-doped InAs samples. Np; and Np, refer to the samples
with carrier concentrations of 3.24 X 10 and 1.4 X 10" cm™3,
respectively. The corresponding wavelengths at which the maximum

contrast occurs are marked.

maximum contrast and the corresponding wavelength as a
function of the temperature for both samples. Due to the shift
of the Brewster modes, the wavelength at which the maximum
contrast occurs also shifts to longer wavelengths as the
temperature increases. Meanwhile, the maximum contrast
gradually decreases as the temperature increases. This is
primarily caused by the increase in the scattering rate, which
also broadens the Brewster modes. Our proposed theoretical
model captures both temperature effects well, demonstrating
the effectiveness of the model.

The temperature-dependent nonreciprocal properties have
several implications. So far, the design of nonreciprocal thermal
emitters has been limited to room temperature or near room
temperatures.'”'” These designs may need to be reexamined if
one would apply them to high temperature applications. This
also applies to magnetic Weyl semimetals, whose nonreciprocal
properties could reduce significantly as temperature increases
because of the sensitive temperature response near the Weyl
cones, as discussed in ref 38. However, for semiconductors, our
results reveal that the nonreciprocal response is still much
more robust than Weyl semimetals against temperature
change, which opens the possibility for high-temperature
nonreciprocal thermal emission control.

In our study, we limit the sample temperature to 598 K since
InAs could desorb when heated up to temperatures over 703
K.*® The desorption temperature of semiconductors typically
increases as the band gap increases.”’ For example, it has been
experimentally demonstrated that gallium arsenide (GaAs) can
be stable even up to about 800 K.*** Therefore, one could
potentially utilize wider band gap materials for nonreciprocal
thermal radiation control at even higher temperatures.

Motivated by these thoughts, we conduct a calculation based
on our proposed theoretical model for In,Ga,_,As semi-
conductors. In Figure 8, we show the nonreciprocal contrast
for TM waves at @ = 80° and B = 1 T for InAs, GaAs, and
Ing53Gag4,As, which can be readily grown on indium
phosphide (InP).”” In the calculations, we assume all materials
are n-doped with the same doping level of 8.5 X 10" cm™>. We
choose a slightly lower doping level as compared to the
previous InAs samples to highlight the fact that the high
nonreciprocal contrast is not very sensitive to the change in
doping levels. Strong nonreciprocity is observed for all material
systems, with the contrast gradually decreasing with an
increasing temperature. For GaAs, the contrast is not as
strong as InAs due to its heavy electron mass.”’ The ENZ
region also occurs at a longer wavelength range as indicated by
the bright high-contrast band due to its larger band gap. The
behavior of Ing s;Gag 4;As falls between InAs and GaAs in terms
of wavelength and contrast values, indicating that the
nonreciprocal properties can be tuned by varying x in the
compound.”* The results point the pathway for ultrahigh-
temperature nonreciprocal thermal radiation.

While writing this manuscript, we were made aware of a
work®® that utilizes InGaAs for nonreciprocal thermal radiation
at a temperature of 540 K. The results are consistent with our
study, especially the results in Figures 8b and S2b in the
Supporting Information.

B CONCLUSIONS

In conclusion, this work demonstrates robust, high-temper-
ature nonreciprocal thermal radiation in semiconductors,
advancing the frontier of active radiative heat flow control.
By developing a comprehensive theoretical model that
accounts for temperature-dependent carrier dynamics, scatter-
ing rates, and permittivity shifts in magneto-optical materials,
we successfully predicted and experimentally validated strong
nonreciprocal contrasts in n-doped InAs at temperatures
exceeding 600 K. Our customized angle-resolved magnetic
emissometry setup revealed persistent nonreciprocity at
elevated temperatures, with experimental results aligning
closely with our theoretical predictions. The observed red-
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Figure 8. Contours for the nonreciprocal contrast as a function of temperature and wavelength for n-doped (a) InAs, (b) Ings;Gag4As, and (c)

GaAs. All materials have the same doping level of 8.5 X 10" cm™.
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shifting of epsilon-near-zero regions and moderated contrast
reduction at higher temperatures highlight the resilience of
semiconductor-based nonreciprocal emitters under thermal
stress. We believe that wide-band gap semiconductors like
GaAs could sustain nonreciprocal effects beyond 800 K,
unlocking applications in high-temperature radiative heat flow
control and energy harvesting. This study establishes a
framework for designing temperature-robust nonreciprocal
systems, bridging critical gaps in transitioning lab-scale
demonstrations to real-world thermal management technolo-
gies.
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Theoretical Model for GaAs

In the main text, we discuss the nonreciprocal radiative properties of doped InAs. The same
procedure is applicable to other doped semiconductors including GaAs and its stoichiometric
composition In,Ga;_As, where x can range from 0O to 1. This section outlines the details of the
model to calculate the nonreciprocal radiative properties of GaAs.

The temperature dependence of free carrier concentration of GaAs is mainly caused by the
changes in the band gap and the effective density of states of both the conduction and valence

bands:!-2

aT?
Ey=Ego— 2 s1)

E E
N.=8.63 x 1013T15(1 — 1.931 X 10~4T — 4.19 x 10~8T2 +21¢ 2 +44e 2er),  (S2)
N, =1.83 x 1015715 (S3)
where E, is the band gap, E 49, a, and b are empirical constants with values of 1.519 eV, 5.409x

104eV/K, and 204 K, respectively.'> N. and N, are the effective densities of states in the
conduction and valence bands in cm, respectively. Ery, and Erx represent the energy separation
between I'-L and ['-X valleys in eV, respectively, and k is the Boltzmann constant. Carrier
concentration (n) can be calculated using Eqgs. (11) and (12) in the main article.

Subsequently, Eq. (13) in the main text can be applied to calculate the effective electron
mass of GaAs as well as any binary or ternary semiconductor.>* We obtain the temperature effect

on the electron scattering rate from a widely used empirical model for the mobility:>

380\¥1
Mmax(T) ~HUmin
pLr(n,T) = tUmin + 1+< n >( (54)

nref(%)lpz

S2



where n,..¢ is reference doping concentration as 6 x 10'¢ cm™, ... is the mobility at 300 K and
Umin is the minimum mobility, which equal to 9400 and 500 cm?/ Vs, respectively, for n-doped
GaAs.> 1, Y5, and { are determined experimentally? as 2.1, 3, and 0.394, respectively. Therefore,
the scattering rate can be calculated using these empirical constants and Eq. (15).
Besides the parameters related to the free electrons, the high-frequency relative permittivity
() also varies with temperature.®’ Based on the tabulated data from Ref. 7, we derive a linear
model using least-squares regression to capture this dependence:
€0 =0T + 0 (S5)
where § and ¢ are 0.0044 and 10.5583 for GaAs. As temperature rises, the high-frequency
permittivity increases due to its linear dependence on this parameter, leading to a shift in the ENZ
region of GaAs. Moreover, the effective electron mass for GaAs follows the general equation

similar to InAs, as discussed in Eq. (13).

Theoretical Model for Ings3Gag 47AS

Since In,Ga,_,As is a ternary alloy, its band parameters are more complex to determine.?
For this calculation, x is chosen as 0.53. To simplify the calculation of the effective parameters
that influence the dielectric function of Ings3Gag47As, Vegard’s law® is applied. This method
divides the material as a mixture of GaAs and InAs, using a weighted average approach to
determine its band parameters. For simplicity, parameter (y) is defined as y = 1 — x. Accordingly,

the band gap of this material falls between the band gaps of InAs and GaAs:*-!!

= 5.8 419 )1 g—472, _ 21910772 2
Eg= 042 + 0.625y — (22— 19 )10-s72y  2ETECT + 0,475y (S6)
1.5
N.=4.82 x 1015(0.023 + 0.037y + 0.003y2) ~T15 (S7)
N, = 4.82 x 1015(0.41 — 0.1y)15T15 (S8)
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Similarly, carrier concentration can be calculated using Eqgs. (11) and (12). Additionally,
Vegard’s law is applied to calculate the effective electron mass:3®

Min Ga,_As = XMinas TYMGaas (S9)

High-frequency permittivity is also calculated by applying Vegard’s law® based on the
high-frequency permittivity values obtained for InAs and GaAs in Egs. (16) and (S5):6:%10

Eoo = XEoo; . TV Ec0qn, (S10)

Carrier concentration (n), electron effective mass (m”), band gap (E,), and scattering rate

of carriers (y) are temperature-dependent. This characteristic induces the change of plasma

frequency (wp) and cyclotron frequency (w) as shown in Fig. S1. As a result, the values of

diagonal and off-diagonal terms in the permittivity tensor change. Since off diagonal term directly

affectis the nonreciprocity of the material through the cyclotron motion of carriers!>!4, any change

in this parameter leads to a significant change in the contrast between absorptivity and emissivity,

highlighting radiative nonreciprocity.
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Figure S1. Band parameters and electron mobility as a function of temperature for InAs,
Ing 53Gag 47As, and GaAs. As temperature increases, the band gap decreases due to thermal lattice
expansion. Beyond 500-700 K, carrier concentration increases noticeably, indicating that the
freeze-out region no longer occurs.’ As the band gap increases from InAs to GaAs, the freeze-out
region decreases. Consequently, the plasma frequency changes due to variation in carrier
concentration. The effective electron mass varies with temperature according to a polynomial
relationship.’* This variation leads to quadratic dependence of the cyclotron frequency on

temperature. Additionally, the scattering rate increases with temperature, influenced by low-field

mobility of electron.’
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Angular Dependence of the Nonreciprocal Behavior

Nonreciprocal contrast is enhanced at wider angles of incident. A numerical investigation
is conducted for different materials. The temperatures of a single-layer structure of InAs,
Ing 53Gag 47As, and GaAs are set at 600 K while applying an external magnetic field of 1 T in z-
direction. It is assumed that each material has the same doping level of 3.24 x 108 cm—3 and a
thickness of 525 um. As illustrated in Fig. S2, even at high temperatures, strong contrasts (~0.2)
can be observed at more oblique directions. Since InAs has the lowest band gap compared to the
other two other materials'>, ENZ occurs at shorter wavelengths (12.5 um).>!'® The Brewster modes
of Ings3Gag47As and GaAs are 15 pm and 17 pm, respectively, and the contrast between

absorptivity and emissivity reduces as temperature increases.

15,53 Gay 47AS

0 20 60 80

0 20 40 60 80 o 20 40 €0 80 ", s
6 0 6

Figure S2. Contrast (1) contour in contrast to wavelength (1) and angle of incidence (8).
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